O comportamento eletroquímico do 1-ferrocenil-3-fenil-2-propen-1-ona (ferrocenilona), e sua interação com DNA, foi estudado usando eletrodo de carbono vítreo em técnica de voltametria cíclica (VC). Os resultados da VC foram confirmados por espectrometria UV-Visível, em condições similares. O pico potencial positivo deslocado na VC e o deslocamento batocrômico no espectro UV-Vis sugerem um modo de ligação intercalativo. The electrochemical behavior of 1-ferrocenyl-3-phenyl-2-propen-1-one (ferrocenylone) and its interaction with DNA was studied by a glassy carbon electrode using cyclic voltammetry (CV) technique. The results from CV were supported by UV-Visible spectroscopy performed under the similar conditions. The positive peak potential shift in CV and the bathochromic shift in the UV-Vis absorption spectra suggested an intercalative mode of binding 
Introduction
The binding of small molecules to DNA has drawn the attention of most scientists due to their importance in the understanding of unresolved drug-DNA interaction mechanism and the consequent design of the new efficient DNA targeted drugs with robust therapeutic profiles. 1 Such molecules interact non-covalently with DNA, primarily by three modes: the electrostatic interactions with the anionic phosphate of DNA backbone, interactions with the both grooves (major and minor) and the intercalation between the stacked base pairs of DNA bases. 2 These interactions have been shown to disrupt the replication and/or transcription machinery of DNA, resulting in cell apoptosis. 3 In this regard, chalcones have been the subject of intensive investigations due to their strong intercalative interaction with DNA. 4, 5 Chalcones are flavonoids that lack the C ring. The presence of a 4 -OH group and an a, b-unsaturated double bond are essential features for the cytotoxic activity of this class of compound. The major cytotoxic and mutagenic effects of chalcones are induced by their direct interactions with DNA. The mechanism of cytotoxicity is believed to occur as a consequence of DNA damage. Since the Lerman concept of intercalation into DNA, it is now firmly believed that many anticancer drugs causing DNA damage exert their pharmacological and therapeutic activities by intercalation into DNA. 6 For the drug to induce the desired biological action, the structure or active part of it needs to be complementary with the structure of the receptor. However, due to the complex nature of biological systems, the prediction of the effect of structural changes on the biological activity of the drug may not be free of uncertainty. Therefore, extensive research is the pre-requisite for the determination of structure activity relationship and the consequences of structural modification.
Electrochemical Behavior of 1-Ferrocenyl-3-phenyl-2-propen-1-one J. Braz. Chem. Soc. 448 With these facts in mind and in continuation of our interest in chalcones due to their greater binding affinity with DNA, 7 we synthesized 1-ferrocenyl-3-phenyl-2-propen-1-one (Scheme 1) and evaluated its binding parameters with DNA with the objective of searching out an effective new anticancer drug.
Experimental

Chemical reagents
1-ferrocenyl-3-phenyl-2-propen-1-one (ferrocenylone) was synthesized by the previously reported method.
8 DNA was extracted from chicken blood by Falcon method. 9 The ratio of UV absorbance at 260 and 280 nm A 260 /A 280 , of 1.85 indicated protein free DNA. The concentration of the stock solution of DNA (2.5 mmol L -1 in nucleotide phosphate, NP) was determined by monitoring the absorbance at 260 nm using the molar extinction coefficient (ε) of 6,600 mol -1 L cm -1 . Tetrabutylammonium perchlorate (TBAP) purchased from Fluka (99% purity) was further purified by recrystallization, using methanol as the solvent. DMSO with 99.5% purity was obtained from Riedal-de-Haën.
Apparatus
Cyclic voltammetric experiments were performed by PGSTAT 302 with Autolab GPES version 4.9 Eco Chemie, Utrecht, the Netherlands. Measurements were carried out in a conventional three electrode cell with saturated calomel electrode (SCE) from Fisher scientific company (cat No.13-639-51) as a reference electrode, a thin Pt wire of thickness 0.5 mm with an exposed end of 10 mm as the counter electrode and a bare glassy carbon electrode (GCE) with a geometric area of 0.071 cm 2 as the working electrode. Prior to experiments, the GCE was polished with 0.25 mm diamond paste on a nylon buffing pad. For electrochemical measurements the test solution was kept in an electrochemical cell (model K64 PARC) connected to the circulating thermostat LAUDA model K-4R. Argon gas was used for flushing out oxygen before every electrochemical assay. Absorption spectra were measured on a UV-Vis Spectrometer; Shimadzu 1601. Table Top Centrifuge, Model PLC-05 (Taiwan) was used for the extraction of DNA.
Results and Discussion
Voltammetric study of ferrocenylone -DNA interaction
The cyclic voltammetric behavior of 0.5 mmol L -1 1-ferrocenyl-3-phenyl-2-propen-1-one in the absence and presence of 10-80 × 10 -6 mol L -1 DNA at bare GCE is shown in Figure 1 (Figure 1 b-i), shows a 51.48% overall decrease in peak current and 62 mV positive shift in peak potential.
The substantial diminution in peak current can be attributed to the decrease in free drug concentration due Scheme 1. Molecular structure of ferrocenylone chemically named as 1-ferrocenyl-3-phenyl-2-propen-1-one. 449 Vol. 21, No. 3, 2010 to the formation of slowly diffusing, heavy molecular weight ferrocenylone-DNA adduct. The obvious positive peak potential shift could be attributed to the intercalation of the planar part of ferrocenylone into the stacked base pairs domain of DNA. 2, 10 The extensive aromatization of the phenyl and a,b-unsaturated ketonic part (-CO-C=C-C 6 H 5 ) of the compound facilitates intercalation. The absence of electrostatic interaction of the positively charged carbon of ferrocenylone with the anionic phosphate of DNA can be attributed to the presence of nucleophylic cyclopentadienyl ring, electron rich oxygen and unsaturated carbon in the close vicinity of carbonyl carbon, which causes to lower its electrophilicity and shield it from the attack of nucleophilic oxygen of DNA. With the continuous addition of DNA, the peak potential gradually shifts to less negative values, indicating easy reduction. This behavior can be further explained by the change in the components of the system (presence of free and DNA bounded with drug in the system) due to which the alteration in diffusion coefficient and reduction potential are expected to take place.
The gradual decay in peak current of ferrocenylone by increasing of DNA concentration, ranging from 10 to 80 × 10 -6 mol L -1 , can be used to quantify the binding constant by the application of the following equation: 
C f and C b denote the concentrations of free and DNAbound species respectively.
The ratio of the bound and free drug was determined by the equation given below:
Where I DNA and I represent the peak currents of the drug with and without DNA. The binding site number implies only a binding site per two base pairs, giving evidence for an intercalation of ferrocenylone into DNA according to the neighbor-exclusion model, since groove binding and electrostatic binding usually results in significantly higher binding site number. 4 To judge the nature of the electrochemical process (diffusion controlled or adsorption controlled), peak current, I, was plotted vs. ) and n the number of electrons in the rate-determining step and n is the scan rate (V s -1 ).
The linearity of the plots (Figure 4 ) at lower scan rates indicates that the electrochemical process is controlled by diffusion step. 18 The sudden rise in the slopes of the plots at high scan rates reflects an adsorption controlled process. The diffusion coefficients of the free and DNA bound ferrocenylone were determined from the slopes of Randles-Sevcik plots at lower scan rates ) when compared to the free ferrocenylone (D f =1.90 × 10 5 cm 2 s -1 ) suggests intercalation 19, 20 of the planar part of the molecule into the stacked base pairs of DNA. It results formation of a poor electroactive supramolecular ferrocenylone-DNA adduct with the consequential decrease of the peak currents in cyclic voltammograms as shown in Figure 1 .
Although the antineoplastic activity of ferrocenyl group is known, 21 it was ignored due to lower binding affinity to DNA and absence of its voltammetric signature in the cyclic voltammograms shown in Figure 1 .
UV absorption spectra
The interaction of ferrocenylone with DNA was monitored by the absorption titration method, in which the fixed concentration (10 × 10 -6 mol L -1 ) of the drug was treated with different concentration of DNA ranging from 5-35 × 10 -6 mol L -1 . Figure 5 a shows the UV-Vis behavior of ferrocenylone in the presence and absence of DNA.
The summary of the UV-Vis behavior of ferrocenylone due to the addition of DNA can be viewed in Figure 5b , which shows that the absorbance of ferrocenylone at 506 nm decreases with the gradual increase of DNA concentration following a linear trend which is illustrated by the linear fit of the data. At the same time, the maximum wavelength furnished by ferrocenylone increases initially and then it become almost constant as shown by the loose curve in Figure 5b . This implies that the addition of DNA causes the absorption peak maxima at 506 nm to undergo a 53.39% hypochromic and 16 nm bathochromic shifts ( Figure 5 a and  b) , while only hypochromism was observed for the peak at 395 nm (Figure 5c ). These peculiar spectral characteristics are expected due to the overlap of the electronic states of the aromatic chromophore of the ferrocenylone with the electronic states of the DNA bases. 7 The aromatic n-p* and p-p* states of the planar group (-CO-C=C-C 6 H 5 ) attached to the cyclopentadienyl ring of ferrocene seem to interact strongly with the electronic states of the DNA bases causing red shift in the absorption, followed by an extensive hypochromic shift. The mode of interaction can be inferred from the shift in lmax. A red shift (spectral shift to lower energy) in l max indicates intercalation and blue shift (spectral shift to higher energy) represents electrostatic mode of interaction. Based of this condition, the peak at 506 nm, associated with substantial red shift, can be attributed to the intercalation of the planar part of , which is in good agreement with the value of K obtained from CV. The binding constants obtained are comparable to the values evaluated for various intercalating complexes of Fe III Ni II and some porphyrin ligands. 24, 25 Still the simplicity of structure of this ferrocenylone compound is fairly helpful in understanding the mechanism behind the actual process of intercalation.
Conclusions
The interaction of ferrocenylone with DNA was estimated by CV and UV-Vis spectroscopy, based upon the difference in the electrochemical and absorption behavior of the drug in the absence and presence of DNA, including the shifts in peak potential, decay in peak current, decrease in absorption intensity and shift of absorption maxima to longer wavelength, due to the insertion of the drug in to the stacked base pairs of DNA. Interaction parameters like binding constant, binding site size, binding free energy and binding mode were determined. The strong affinity of this drug to DNA as is evident from its high binding constant, offers an important addition to the traditional cancer treatment. This study would help in the design of better, sequence-specific, more potent anti-cancer drugs with fewer or no side effects, for application in chemotherapy.
